Objective: The role of cortisol in the prediction of mortality risk in critical illness is controversial in the literature. The aim of this study was to evaluate the prognostic value of cortisol concentrations in a mixed population of critically ill patients in medical emergencies. Design: In this prospective, observational study, measurement of total (TC) and free cortisol (FC) levels was made in the serum samples of 69 critically ill patients (39 males and 30 females, median age of 74 years) at admission (0 h) and 6, 24, 48, and 96 h after admission. Methods: Cortisol levels were determined using HPLC coupled high-resolution ESI-TOF mass spectrometry. The severity of disease was calculated by prognostic scores. Statistical analyses were performed using the SPSS 22.0 software. Results: The range of TC varied between 49.9 and 8797.8 nmol/l, FC between 0.4 and 759.9 nmol/l. The levels of FC at 0, 6, 24, and 48 h and TC at 0, 6 h were significantly elevated in non-survivors and correlated with the predicted mortality. The prognostic value of these cortisol levels was comparable with the routinely used mortality scores. In predictive models, FC at 6, 24, and 48 h proved to be an independent determinant of mortality.
Introduction
The strong relationship between stress and adrenocortical function was first described in 1923 by Scott (1) and then was investigated in detail by Selye in 1936 (2) . Since then, it is universally accepted that stress is associated with elevated cortisol levels. Later human studies demonstrated the connection between the severity of stress and the magnitude of adrenocortical response (3, 4) . The term 'relative adrenal insufficiency' (RAI) was introduced earlier and applied to critically ill patient populations (5, 6, 7, 8, 9, 10, 11, 12, 13, 14) . A serum total cortisol (TC) increase of 250 nmol/l following administration of 250 mg adrenocorticotropic hormone (ACTH) was used as the diagnostic criteria of normal glucocorticoid response (7) . The concept of RAI was primarily based on total serum cortisol measurements (7, 8, 14, 15) . However, the total serum cortisol and the response to ACTH probably are not the most reliable indicators of adrenal function in critically ill patients. No correlation was found between total serum cortisol and mortality in patients with septic shock (9, 16, 17) . However, others found that high TC levels were associated with increased mortality (3, 18) . This observation debated the hypothesis of RAI. Moreover, total serum cortisol values measured by commonly used immunoassays showed a high degree of variability (19) and the classification of patients markedly differed based on the assay used (20) . The random measurement of cortisol further increased the uncertainty of evaluation (14, 21) .
About 80-90% of circulating cortisol is bound to corticosteroid-binding globulin (CBG), but only free cortisol (FC) has biological activity. Albumin binds 10-15% of cortisol with low affinity. The measurement of serum TC by immunoassay is markedly influenced by the concentrations of the CBG and albumin. In critically ill patients, there is a decrease in CBG concentration due to elevated cytokines or insulin resistance. CBG is saturated at higher cortisol levels. The concentration of FC rises exponentially at higher concentrations due to the release from CBG (7, 22) . The relationship of TC and FC becomes nonlinear in critically ill patients, so FC levels may be more informative. FC was reported being a good marker of inflammatory response in septic shock (7, 23) . While FC levels corresponded to severity of illness, the elevation of TC did not (17, 24) . Others confirmed that FC is a better marker of adrenal response in critical illness than TC measurement (7, 24, 25) .
The effect of cortisol is regulated at tissue level by the activity of 11-b-hydroxysteroid dehydrogenase and the real cortisol effect at cellular level is difficult to predict (7, 26) . The concept of RAI has been further challenged by the lack of survival benefit with supranormal dose of glucocorticoid administration (14, 27) .
Recently, a major development has been achieved in the measurement of cortisol levels by the technique of liquid chromatography coupled mass spectrometry (LC-MS) (22, 28) . LC-MS has a greater analytical specificity in the detection of total and free serum cortisol than immunoassays and is able to separate and quantify serum TC in the presence of other steroids and metabolites (25, 26, 27) . Immunoassays carry numerous analytical problems, namely the possible cross reactivity of antibodies with similar chemical structures and antibody interferences (heterophilic antibodies or autoantibodies). No analytical errors due to cross reactivity and heterophilic antibodies are expected using LC-MS. It allows the analysis of multiple metabolites from small sample volume. However, LC-MS requires rigorous validation (20, 22) .
Despite the obvious advantages of FC measurements by LC-MS in critically ill patients, literature data are sparse (29, 30) . The aim of our study was to evaluate the adrenal response and the prognostic role of TC and FC concentrations with consecutive measurements by LC-MS in a mixed population of patients in critical medical conditions. Subjects and methods
Patients
Our study was carried out in accordance with the ethical guidelines of the 2003 Declaration of Helsinki and we obtained the permission of Institutional Research Ethical Committee of University of Pécs. When feasible, informed consent was obtained before enrollment of conscious patients; otherwise the consent was obtained from the patients' next of kin. The prospective, observational study was carried out in 69 non-selected patients admitted to the Intensive Care Unit of the First Department of Internal Medicine, University of Pécs, Hungary. During the enrollment period, 108 patients were treated at our intensive care unit and 79 were enrolled in the study (73%). The patients whose informed consent was not feasible and those who died within 6 h were not enrolled. Ten patients were excluded from the final evaluation because of missing samples at critical time points. Gender distribution was the following: 39 males and 30 females, median age was 74 (23-87) years. The patients' characteristics and diagnosis at admission are given in Table 1 . It was a mixed population of patients in medical emergencies, no surgical or trauma patients were included (Table 1 ). Five patients had complete cardiopulmonary resuscitation and three patients were defibrillated before admission. Vital signs, clinical status, and routine laboratory parameters were monitored. The treatment of patients was thoroughly evaluated and blood samples disturbed by glucocorticoid treatment were excluded from the further analysis (at admission 3, at 6 h 9, at 24 h 7, and at 48 h six samples). The major indication for glucocorticoid treatment was the unresponsive septic shock. None of the patients received etomidate, ketoconazole, or any other drug influencing the steroid metabolism. The severity of the diseases was scored according to the Simplified Acute Physiology Score II (SAPS II) (31) and the Acute Physiology and Chronic Health Evaluation II (APACHE II) (32) score systems.
Blood samples were taken for the measurement of FC and TC levels at admission (0 h), 6, 24, 48, and 96 h after admission. Blood samples were collected in anticoagulant free Vacutainer (Becton Dickinson Hungary Kft., Környe, Hungary) plastic tubes. Routine laboratory parameters were determined by the Institute of Laboratory Medicine, University of Pécs accredited according to ISO 15189. The concentrations of FC and TC were measured by HPLC coupled high-resolution electrosprayionization (ESI) timeof-flight (TOF) MS.
Analysis of serum TC and FC cortisol concentrations
After centrifugation of the collected blood samples at 2200 g for 10 min, serum was separated into plastic container tubes and was kept frozen under K20 8C until Total cortisol concentrations at different time points expressed as medians, interquartiles, and 95% CIs. *Total cortisol at admission is significantly higher than all the later medians; **total cortisol at 6 h is significantly higher than at 24 h. sample preparation. The sample preparation and the measurements for TC and FC analysis were carried out using HPLC-coupled high-resolution ESI-TOF MS according to the validated method described by Montskó et al. (28) . Briefly, during TC analysis, 20 ml of internal standard solution (1.1 mmol/l) was added to 100 ml serum, protein was precipitated by 300 ml acetonitrile, centrifuged at 14 000 g for 10 min. 50 ml upper phase was added to 50 ml of water in an autosampler vial and vortexed. 20 ml of this mixture was injected onto the HPLC column. To analyze FC, the preparation started with the mechanical removal of the protein fraction, 500 ml of serum was ultrafiltrated using the 30 000 kDa molecular weight cut-off Amicon Ultra-0.5 ml centrifugal filters (Merck mortality risk in cortisol quartiles. Independent determinants of mortality were investigated by binary logistic regression analysis using backward method.
Results
The range of TC varied between 49.9 and 8797.8 nmol/l (reference range: 138-690 nmol/l) with a median (interquartile ranges) of 583.5 (381.5/855.8) nmol/l, FC between 0.4 and 759.9 nmol/l (reference range: 1-8 nmol/l) with a median (interquartile ranges) of 13.4 (4.3/60.1) nmol/l. The maximal elevation of TC was 13 times and of FC was 95 times of the upper limit of reference range. The median of TC of hydrocortisone-treated septic patients (13 samples at different time points) was 3880 nmol/l, at the upper range of untreated patients. The median of FC due to hydrocortisone treatment result in supraphysiological high value, 801 nmol/l. These values were not included in the statistical analyses.
The cortisol levels did not show normal distribution. TC and FC levels correlated significantly (P!0.001; RZ0.710; Fig. 1 ). The median, interquartiles, and 95% CI of TC and FC at different time points are shown in Figs 2 and 3. TC level at admission was significantly higher than later, and at 6 h was also elevated compared with later time points (Fig. 2) . FC level was significantly elevated only at admission compared with later measurements (Fig. 3) .
The TC and FC levels of survivors (nZ51) and nonsurvivors (nZ18) (30-day mortality) were compared. Elevated TC was found in non-survivors at 0, 6, and 48 h ( Fig. 4 ). FC level was significantly higher in non-survivors at admission and 6, 24, and 48 h after admission (Fig. 5) . As intubation and mechanical ventilation may increase cortisol levels and may be associated with bad prognosis, the cortisol levels of ventilated and not ventilated patients were also compared at every time points. TC0 (PZ0.001), FC0 (P!0.001), and FC6 (PZ0.001) were significantly higher in ventilated patients. The mortality rate was also significantly elevated in cases that required ventilation (P!0.001).
The predictive role of cortisol levels was investigated in comparison with the well-accepted clinical scores, APACHE II and SAPS II mortality. The results of these correlations are shown in Fig. 6 and Table 2 . FC at 0 (FC0), 6 (FC6), 24 (FC24), 48 (FC48), and 96 h (FC96) significantly correlated with predicted mortalities. TC at 0 (TC0) and 6 h (TC6) also correlated with mortality scores, but the correlation disappeared from TC24.
The diagnostic value of cortisol concentrations to predict mortality was next evaluated by ROC analysis (Fig. 7) . The cut-off values of cortisol with optimal diagnostic accuracy are given in Table 3 . A FC of 28.2 nmol/l at admission, for example, had 88.2% sensitivity and 67.3% specificity to predict mortality. The FC0 and TC0 had higher sensitivity and lower specificity than the later values. The sensitivity and specificity of APACHE II and SAPS II mortality were similar to the diagnostic value of FC6, FC24, and FC48. The Kaplan-Meier curves showed best separation of survival at FC0 analyzed in quartiles. 
Figure 6
Relationship between free cortisol at admission (FC0) and
APACHE II mortality (Spearman correlation). All patients with the lowest 25% of FC survived, while 60% of patients died in the highest quartile (O75%) (Fig. 8) .
On the basis of this excellent prognostic role of cortisol levels, patients were included in mortality predicting models together with gender, age, and the complex clinical scores, APACHE II and SAPS II mortality. FC6, FC24, and FC48 turned to be independent determinants of mortality beside APACHE II and SAPS II. The sensitivity, specificity, and validity of these models were surprisingly high ( Table 4 ). It is notable that the clinical scores created by 12 or 17 parameters and the cortisol as a single parameter are comparable in their predictive roles. The contribution of intubation and mechanical ventilation per se to cortisol elevation is difficult to estimate. To approach this question, the role of ventilation, mortality scores, gender, age, and cortisol levels were investigated in binary logistic regression models. The need for ventilation was a very strong determinant of mortality, even stronger than the mortality scores. However, FC6, FC24, and FC48 remained an independent determinant of mortality beside ventilation. These data confirm that the intubation and ventilation themselves may, at least partly, be responsible for the significant differences in cortisol levels of survivor and non-survivor patient population.
Discussion
In this prospective observational study, TC and FC levels were determined by LC-MS in the serum of critically ill patients in medical emergencies. An extremely wide range of cortisol concentrations were found upward, exceeding the upper limit of normal by 13 times in total and 95 times in FC levels. Both TC and FC levels were elevated at admission compared with later time points. FC within 2 days and TC within 6 h correlated with the observed mortality. The patients with higher cortisol levels had higher risk to die. The requirement for ventilation may be partly responsible for the higher cortisol levels in non-survivors. The prognostic role of cortisol concentration was compared with the routinely used clinical mortality scores APACHE II and SAPS II, in which vital signs, clinical parameters, and laboratory values are included. The diagnostic value of cortisol concentrations to predict mortality was similar to APACHE II and SAPS II. Furthermore, FC6, FC24, and FC48 proved to be independent determinants of mortality even in prediction of models including -beyond gender and age -these complex clinical scores. Information provided by these cortisol levels as single parameters of the prognosis was similar to complex mortality scores that have been formed by 12 and 17 parameters respectively.
There are some key reports investigating the total serum cortisol levels in critically ill patients (19, 22, 33) . FC levels were reported to be measured in few papers and sparse data are available about FC determined by LC-MS (22, 25, 29, 30, 34, 35) . Only one paper is available which demonstrates measurement of both TC and FC levels by LC-MS in critically ill patients (29) . Measurement of cortisol levels using immunoassays is disturbed by many analytical errors, especially in critically ill patients. Our method of measuring cortisol levels using LC-MS was previously validated in normal subjects (28) . The method is capable of specific cortisol quantification in different matrices on the basis of accurate mass identification. The measurement of TC is quite simple and accurate; therefore, nowadays this method is used routinely in our Institute. The measurement of FC requires more complex sample preparation, which is a disadvantage in the everyday routine. Considering all of these factors, FC measured by LC-MS is the best method to evaluate the adrenal response in critically ill patients, but for prognostic purposes TC measured by LC-MS seems to be more available in the daily practice. Commonly, targeted mass-spectrometry analysis is carried out using triplequadrupole mass spectrometers. The method and the way of analysis are different compared with our measurement, but both assessments give similar results without the disadvantages of immunoassays (28) . We believe that our results are fully transferable to cortisol levels determined by triple-quadrupole MS.
Beyond the practical consequences, our results have theoretical aspects. The cortisol response to medical emergencies seems to be proportional to the severity of illness. It can be presumed that the adrenal response is usually appropriate and maximal in life threatening conditions (3, 4, 33) . According to a new concept of cortisol homeostasis in critical illness, ACTH is not elevated, even suppressed due to the high cortisol level. It is possible that ACTH stimulation test does not result in significant cortisol elevation in those patients who already have high cortisol level. They are regarded having RAI (9, 11) . The overproduction of cortisol is also debated. The primary cause of cortisol elevation probably is the decreased metabolism of glucocorticoids (13) . The concept of RAI should be reappraised based on these new studies. Further investigations are essential in patients with unresponsive septic shock for which the high-dose hydrocortisone treatment is a routine therapy (12, 33, 36) . The limitation of our study has been the relatively small patient population due to multiple cortisol measurements that restricted the potential size of study. However, the investigated prognostic markers including cortisol had high statistical power. Although the heterogeneity of underlying diseases might be regarded as another potential weakness on the investigation, severity of various diseases were similar, therefore the same prognostic models could be applied to all of them. Only medical intensive care unit patients have been studied. In the future, the evaluation may be extended to surgical and trauma patients.
In conclusion, the TC and FC concentrations in critically ill patients varied in a very wide range that the highest TC exceeded 13 times and FC 95 times the upper limit of reference range. Both TC and FC levels measured by LC-MS were useful prognostic markers: patients with higher cortisol levels had higher mortality risk. FC had an advantage compared with TC, being a predictor of mortality in the first 2 days after admission. FC at 6, 24, and 48 h proved to be an independent predictor of mortality in prognostic models even including the SAPS II and APACHE II mortality scores. Cortisol levels in critical illness probably reflect the severity of disease.
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